Bio-waste corn-cob cellulose supported poly(hydroxamic acid) palladium complex was synthesized and it is characterized using some different techniques such as FTIR, FESEM, HRTEM, EDX, XPS, UV-vis, TGA and ICP-AES analyses. The cellulose supported heterogeneous palladium complex showed high stability and catalytic activity toward Mizoroki-Heck reaction of aryl/heteroaryl halides and arenediazonium tetrafluoroborate with a variety of olefins to give the corresponding coupling products in up to 97% yield. The palladium complex was also applied to the synthesis of Ozagrel a thromboxane A2-synthetase inhibitor with excellent yield. The complex was separated from the reaction mixture by simple filtration and repeatedly used up to seven times without significant loss of its catalytic performance.
Introduction
Palladium catalyzed cross-coupling of an aryl or vinyl halide with a terminal olefin, commonly named Mizoroki-Heck reaction is an important and powerful chemical methods [1, 2] which has extensive applications as intermediates in the preparation of materials [3] [4] [5] [6] [7] , natural products and bioactive compounds [8] [9] [10] [11] [12] [13] . The most frequently used catalysts for the Heck reactions are homogeneous palladium complexes [14] [15] [16] which required ligands (usually phosphine) and suffer numerous disadvantages such as highly sensitive, expensive, toxicity caused by residual metal species, and metal cannot be recovered, and difficult to separate the desire product. Thus, the use of heterogeneous catalysts is particularly interesting because it allows for the easy separation of large quantities of products with the use of a small amount of catalyst. It is also important because catalysts have the potential for reusability, tolerance to harsh reaction conditions and better steric control of the reaction intermediate. In recent years, significant efforts have been considerate to introduce efficient, environmentally friendly and more simple heterogeneous catalysts by supporting palladium on clay [17] , carbon nanofibers [18, 19] , carbon nanotubes [20, 21] , graphene [22, 23] , d-glucosamine [24] , ionic liquids [25] [26] [27] [28] , silica [29] [30] [31] [32] [33] [34] [35] [36] , zeolites [37] [38] [39] [40] , metal oxides [41] [42] [43] , polymers [44] [45] [46] , magnetic-materials [47, 48] , hybrid Au/Pd nanoparticles [49] , Pd/CoBDC [50] and enzyme-metal nanoparticle biohybrids [51] .
However, they do not completely fulfill the economic and sustainable protocols involved in the development of green processes. Thus, the development of green sustainable heterogeneous catalysts for Mizoroki-Heck reaction remains a big challenge. In this respect, cellulose, which has some extraordinary characteristics including wide abundance in nature, low-density, biorenewability, universal availability, low cost, and interesting mechanical and thermal properties, could be a perfect choice. Furthermore, the backbone of the cellulose can be tailored by proper chemical modification with suitable functional groups for specific purposes [52, 53] .
Currently, researchers are searching for bio-renewable materials, resources and process. In this context natural cellulose can be the most alternative resource due to wide abundance, low cost, biodegradability, high stability and insolubility in the common organic solvents. Nowadays, biopolymers such as cellulose [54] , starch [55] alginate [56] , gelatin [57] , and chitosan [58] derivatives have been used as supports for catalytic applications with acceptable catalytic performance. Keeping this view, we have recently developed highly active cellulose supported copper and palladium catalysts for C-C and C-N bond formation reactions [59] [60] [61] [62] . This study is a continuation of our earlier work and here we report waste corn-cob cellulose supported poly(hydroxamic acid) palla-dium complex for catalytic application in Mizoroki-Heck reaction. The complex showed excellent catalytic activity of aryl/heteroaryl halides and arenediazonium tetrafluoroborate salts with a variety of olefins under ambient reaction conditions with regeneration of the catalyst. 
Experimental section

General information
Materials and methods
The waste corn-cobs were collected from Kuantan market, Malaysia. To obtain pure corn-cob cellulose, the corn-cobs were cut into $2-3 cm sizes and refluxed with 10% NaOH (400 mL) for 3 h and washed with distilled water. The resulting cellulose was refluxed in glacial acetic acid (400 mL), hydrogen peroxide (250 mL), and 5% NaOH (250 mL) and washed with distilled water several times respectively. Methyl acrylate was passed through a column filled activated alumina to remove the inhibitor. Other chemicals, including ceric ammonium nitrate (CAN Sigma-Aldrich), methanol (Merck), acids (Lab Scan), metal salts and other analytical grade reagents were directly used.
Synthesis of poly(methyl acrylate) 1
The graft copolymerization reaction was carried out in 1.5 L three-neck round bottom flask equipped with stirrer and condenser in a thermostat water bath. Cellulose slurry was prepared by stirring 5 g of cellulose in 450 mL distilled water for 12 h. The mixture was then heated to 60°C with stirring and 1.3 mL of diluted sulfuric acid (50%) was added. After being stirring for 5 min, 1.25 g of CAN (10 mL aqueous solution) was added and the reaction mixture was stirred under nitrogen atmosphere. After 20 min, 10 mL methyl acrylate purified monomer was added into the reaction flask and stirring was continued for 4 h under nitrogen atmosphere. The mixture was cold, filtrated on a glass filter and washed several times with aqueous methanol (MeOH:H 2 O = 4:1) to give corn-cob cellulose supported poly(methyl acrylate) 1. The product was oven dried at 50°C to get a constant weight [63, 64] .
Synthesis of poly(hydroxamic acid) ligand 2
The hydroxylamine solution was prepared by dissolving 12 g of hydroxylamine hydrochloride (NH 2 OH.HCl) in 300 mL aqueous methanol (4:1). An ice-cold NaOH solution (50%) was added into the hydroxylamine hydrochloride; during that time NaCl was precipitated out and it was separated by filtration. The pH of the reaction was adjusted to pH 11 by addition of NaOH solution and the ratio of methanol and water was always maintained at 4: 1 (v/v). The poly(methyl acrylate) grafted cellulose 1 (4.5 g) was placed into a two-neck round bottom flask fixed with a stirrer, condenser and thermostat water bath. The prepared hydroxylamine solution was then added to the flask and the reaction mixture was stirred at 70°C for 6 h. The resulting poly(hydroxamic acid) chelating ligand 2 was separated from the hydroxylamine solution by simple filtration and it was washed with aqueous methanol. Furthermore, the ligand 2 was treated with 250 mL of 0.1 M HCl (in methanol) solution for 10 min to neutralize the reaction mixture. The ligand was filtered, washed with methanol and dried at 50°C to obtain a constant weight [63, 64] .
Preparation of Pd(II) complex 3
To a stirred suspension of 2 (1.5 g) in 50 mL water, an aqueous solution of (NH 4 ) 2 PdCl 4 (270 mg, in 40 mL water) was added. The resulting mixture was stirred for 3 h at room temperature to give light brown color poly(hydroxamic acid) Pd(II) complex 3. The Pd (II) complex 3 was filtered, washed with water and MeOH and dried at 70°C for 3 h. The ICP-AES analysis revealed that 0.41 mmol/g of palladium was adsorbed onto the poly(hydroxamic acid) Pd(II) complex 3.
General procedure for Mizoroki-Heck reaction
In a typical experiment, 0.75 mg (0.03 mol%) of 3 was added into a mixture of aryl halide (1.0 mmol), olefin (2 mmol), Et 3 N (3 mmol) in DMF (2 mL), and the reaction mixture was stirred at 130°C. The formation of coupling product was monitored by TLC/GC analyses. After disappeared of the aryl halide (checking by TLC/GC), the reaction mixture was cold at room temperature and diluted with water and ethyl acetate and the solid Pd(II) complex 3 was separated by filtration. The cross-coupling product was extracted from the aqueous layer with ethyl acetate (3 Â 5 mL), dried over MgSO 4 and concentrated under reduced pressure. The crude product was purified by silica gel column chromatography (ethyl acetate/hexane) to give the corresponding cross-coupling product.
Preparation of Ozagrel butyl ester 4z [65]
A mixture of 4y (1 mmol), carbonyldiimidazole (2 mmol), and anhydrous NMP (10 mL) was stirred at 160°C for 3 h. After cooling to 25°C, the reaction mixture was diluted with EtOAc (20 mL), washed with H 2 O (3 Â 20 mL) and brine (15 mL), dried over MgSO 4 , and concentrated under reduced pressure. The residue was purified by column chromatography over silica gel eluting with CHCl 3 /MeOH (30/1) to afford Ozagrel butyl ester 4z in 85% yield.
Preparation of Ozagrel 5 [65]
To a 10 mL glass vessel was added ozagrel butyl ester 4z (200 mg, 0.7 mmol), 0.80 M aqueous NaOH (1.5 mL), MeOH (1 mL), and the mixture was stirred at room temperature for 3 h. The mixture was concentrated under reduced pressure, and the residue was acidified with 1.5 M aqueous HCl (5 mL). The resulting solution was further concentrated under reduce pressure to remove HCl completely. The residue was dissolved in ethanol (2 mL) and resulting NaCl solid was filtered off. The filtrate was concentrated (1 mL) and 5 mL diethyl ether was added during which time ozagrel 5 was precipitated out with 88% yield.
Results and discussion
The cellulose supported poly(methyl acrylate) 1 was prepared by the surface modification of corn-cob cellulose through graft copolymerization with methyl acrylate using ceric ammonium nitrate (CAN) as an initiator (Scheme 1). The resulting poly(methyl acrylate) 1 was treated with hydroxyl amine to give poly(hydroxamic acid) chelating ligand 2 which was further treated with an aqueous solution of (NH 4 ) 2 PdCl 4 at room temperature afforded poly(hydroxamic acid) Pd(II) complex 3. The ICP-AES analysis revealed that 0.41 mmol/g of palladium was adsorbed with the poly(hydroxamic acid) Pd(II) complex 3. The IR spectrum of fresh cron-cob cellulose showed adsorption bands at 3436 and 2920 cm À1 referred to OAH and CAH stretching, respectively (Fig. 1) . The band at 1630 cm À1 was due to the bending mode of OH and a smaller peak at 1425 cm À1 was observed for CH 2 symmetric stretching [66] . respectively. The FESEM image of waste corn-cob cellulose showed unsmooth with a fine crystalline surface (Fig. 2a) . The FESEM image of cellulose supported poly(methyl acrylate) 1 showed a small grain like structure (Fig. 2b) which is different surface from the fresh cellulosic fine crystalline structure, which indicates that polymerization occurred onto the cellulose surface. The poly (hydroxamic acid) ligand 2 showed small spherical shape morphology (Fig. 2c) which was little bit bigger than poly(methyl acrylate) 1. After coordination of chelating ligand 2 with palladium, the FESEM image of Pd(II) complex 3 exhibited a compact bigger spherical shape (Fig. 2d) which was perfectly different with 2. Moreover, nanoscale micrograph of HRTEM displayed (Fig. 3a) scattered Pd(II) complex onto the cellulose surface (average size 7.2 nm) which confirmed the palladium complexation occurred with poly(hydroxamic acid) chelating ligand 2. Fig. 3b shows HRTEM image of fourth reused of Pd(II) complex 3 bearing the similar nano size of the Pd(II) complex which revealed that, during the reaction progress palladium complexes were not aggregate [24] .
An UV-visible study of the synthesized 3 also revealed the formation of Pd(II) complex with poly(hydroxamic acid) chelating ligand 2 (Fig. 4) . The UV-visible spectrum of 3 exhibits an absorption maximum in the range of 425-445 nm, due to the absorption of Pd(II) ion [68] by poly(hydroxamic acid) chelating ligand 2.
To further study determination of the structure of Pd(II) complex 3, full scan X-ray photoelectron spectroscopy (XPS) analysis was employed and elements C, N, O, CI, and Pd were detected (Fig. 5) . As shown in Fig. 5 , two prominent peaks at 337.8 eV and 343.3 eV can be readily assigned for Pd(II)3d5/2 and Pd(II)3d3/2, which correspond to the binding energies of Pd(II) ion in the Pd (II) complex 3 [69] .
The EDX analysis of 3 (Fig. 6 ) also revealed the existence of palladium onto the waste corn-cob cellulose supported Pd(II) complex 3. The thermogravimetry (TGA) analysis of corn-cob cellulose supported poly(methyl acrylate) 1, poly(hydroxymic acid) ligand 2 and poly(hydroxamic acid) Pd(II) complex 3 was performed with a heating rate of 10°C /min at N 2 atmosphere. The TGA curve showed residual loss (%) as a function of temperature is presented in Fig. 7 . The moisture content lose was 7% at 105°C in graft copolymer 1. On the other hand 9% moisture loss was observed for both poly(hydroxamic acid) 2 and poly(hydroxamic acid) Pd (II) complex 3. However, degradation behaviors of all products are significantly different at higher temperature. The poly(methyl acrylate) graft copolymer 1 showed 70% loss at 360°C whereas poly(hydroxamic acid) 2 (30% amidoxime degraded) and poly (hydroxamic acid) Pd(II) complex 3 (36% amidoxime degraded) showed much stable at this temperature. The poly(hydroxamic acid) Pd(II) complex 3 showed stable than poly(hydroxamic acid) 2 at 425°C cross point and weight loss for Pd(II) complex 3 was found to be 65% at 800°C (35% remaining), whereas 86% and 90% losses were found for poly(hydroxamic acid) 2 and poly(methyl acrylate) copolymer 1, respectively. Overall, poly(hydroxamic acid) 2 and poly(hydroxamic acid) Pd(II) complex 3 were stable than its precursors, which is good nature in terms of degradation behavior of final products.
The catalytic performance of the waste corn-cob cellulose supported poly(hydroxamic acid) Pd(II) complex 3 was investigated through its application in the Heck reactions. Initially, the reaction between iodobenzene and butyl acrylate was chosen as a model reaction. The reaction was carried out using different bases, varying solvents composition as well as the catalyst amount ( Table 1 ). The coupling of iodobenzene with butyl acrylate using 3 mol equivalent of Na 2 CO 3 in an aqueous solution of DMA (1:1) in the presence of 3 (0.1 mol%) delivered 73% isolated yield of the corresponding coupling product 4a within 5 h at 130°C (entry 1). The yield of the coupling product was 74% when the reaction was carried out with K 2 CO 3 instead of Na 2 CO 3 (entry 2). No significance yields were observed upon changing the base and solvent (entries 3-5). However, when the reaction was carried in DMA using an organic base N,N-diisopropylethylamine the reaction was smoothly forwarded to give the coupling product with 88% yield (entry 6). When we replaced N,N-diisopropylethylamine to triethylamine the reaction was proceeded efficiently to give the coupling product in 93% yield (entry 7). Interestingly, when we changed solvent DMA to DMF the yield of the product was increased to 97% (entry 8). Moreover, when we decreased the catalyst loading 0.1-0.03 mol%, the catalyst still efficiently promoted the coupling reaction to afford 95% yield of the product (entry 9). However, the effects of solvents were not significant to improve the yield of the product (entries 9, 11). Thus, we come to a conclusion that 0.03 mol% of Pd(II) complex 3 and triethylamine (3 mol equv) in DMF would be the best combination in this cross-coupling reaction (entry 8). It is important to note that the catalyst loading could be further reduced to 0.001 mol% which also efficiently forwarded the Heck reaction to give 93% yield of the corresponding coupling product with high turnover frequency (TON = 93,000) (entry 12).
After optimization of the cross-coupling reaction, we then expand the application of Pd(II) complex 3 using a variety of aryl iodides and olefins ( Table 2 ). The aryl iodides were reacted with a variety of olefins such as methyl, butyl acrylate, isopropyl acrylamide and styrene to afford the cross-coupling products with excellent yield. The high catalytic performance was observed 4b-h in the couplings of less reactive of iodobenzene, 3-iodotoluene, 4-iodoanisole as well as activated 4-iodonitrobenzene and 4-iodoacetophenone with methyl and butyl acrylates (entries 1-7).
The aryl iodides having electron-donating group (entries 2 and 5) showed a slight less reactivity compared to the electronwithdrawing aryl iodides (entries 6 and 7). Interestingly, Nisopropylacrylamide also efficiently promoted the coupling reaction to give the desired products 4i-k up to 95% yield (entries 8-10). The sterically hindered and less reactive styrene also smoothly afforded the corresponding product 4l-o with high yield (entries [11] [12] [13] [14] . Currently, Yamada et al. [65] reported that, 0.3 mol% (ten-times higher loading) of silicon-nanowire supported palladium nanoparticles (SiNA-Pd) catalyzed Heck reaction (140°C, 0.2-1 mol equiv of TBAB, 24-48 h) of activated 4-iodonitrobenzene with butyl acrylate which provided lower yield of the corresponding product (85%) compared to our report (entry 6). The Mizoroki-Heck reaction between aryl bromides and olefins has high demand, because low cost aryl bromide is interesting substrates for industrial applications. By observing the excellent catalytic activity of poly(hydroxamic acid) Pd(II) complex 3 for aryl iodides, we then further investigated the Heck cross-coupling of aryl bromides with a variety of olefins. The Pd(II) complex 3 showed outstanding catalytic performance in the coupling of aryl bromides with methyl and butyl acrylates (Table 3 , entries 1-6). The catalyst loading 0.03 mol% was adequate to achieve the excellent yield within 10 h. Interestingly, 3 also promoted the coupling of aryl bromides with N-isopropylacrylamide and styrene to afford the corresponding coupling products 4j, 4l, 4n and 4o in up to 91% yield (entries 7-10). Recently, Salunkhe et al. [70] have reported PdNPs@TiO 2 -Cell catalyzed (1 mol%) Heck reaction of activated aryl bromides with a variety of olefins in an organic solvent. Here, our Pd(II) complex 3 (0.03 mol%) showed thirty-three times higher catalytic activity compared to their report.
Heteroaryl compounds have important biological properties and many of their derivatives can be readily accessed by metal catalyzed reactions [71, 72] . By observing the high catalytic activity of Pd(II) complex 3 to the normal aryl halides, we extended the chemistry to heteroaryl compounds. Then, we tried to determine the efficiency of the Pd(II) complex 3 in the presence of halo thiophenes. The reaction between mono-and di-substituted halothiophenes was readily coupled with methyl/butyl acrylates and Nisopropylacrylamide under similar reaction conditions smoothly afforded the corresponding coupling products 4p-t in up to 93% yield (Table 4) . Pyridine, quinolone and pyrimidine are pelectron deficient heterocycle compounds [73] . Interestingly, all N-heterocyclic aryl halides efficiently promoted the crosscoupling reaction with butyl acrylate and N-isopropylacrylamide to provide the desire products 4u-x with 72-94% yield.
We also extended the applicability of Pd(II) complex 3 for HeckMatsuda coupling reaction of aryldiazonium tetrafluoroborate salts as an excellent aryl electrophilic component [74] [75] [76] [77] [78] . Aryldiazonium tetrafluoroborate salt undergoes easy oxidative addition with the metal catalyst during the catalytic cycle to generate active cationic aryl-Pd(II) species which rapidly increased the rate of the cross-coupling reaction [79, 80] . Thus, we carried out HeckMatsuda coupling reaction of different olefins and aryldiazonium tetrafluoroborate salts using 0.03 mol% of 3 in ethanol at room temperature without using any base [81] and the results are depicted in Table 5 . The various substrates with electron-pushing or electron-withdrawing functional groups bearing with aryldiazonium tetrafluoroborate salts readily coupled with methyl and butyl acrylates to afford the desired coupling products 4a-c and 4e-g in 93-97% yields (entries [1] [2] [3] [4] [5] [6] . The N-isopropylacrylamide also smoothly promoted the reaction to give corresponding coupling products 4i and 4j in 94% and 95% yield respectively (entries 7 and 8). The coupling of styrenes with arenediazonium salts under the same reaction conditions was observed and provided high yield of the corresponding products 4l-o (entries 9-12). Ozagrel 5, an important antiasthmatic agent (thromboxane A 2 synthetase inhibitor) [82] was synthesized by Pd(II) complex 3 catalyzed Mizoroki-Heck reaction (Scheme 2). Thus, the reaction of 4-iodobenzylalcohol and butyl acrylate was carried out with 0.03 mol% of Pd(II) complex 3 under similar reaction conditions to give 4y in 91% yield. The installation of an imidazole unit was introduced by the reaction of 4y and carbonyldiimidazole (CDI) in N-methylpyrrolidone (NMP) at 160°C for 3 h obtained 4z in 85% yield. The ester group in 4z was then hydrolysis by sodium hydroxide followed by acidification provided ozagrel hydrochloride 5 in 88% yield. The reuse of the catalyst is significantly important from economic as well as sustainable viewpoint. Hence, we concentrated on recycle and reuse of Pd(II) complex 3 (Fig. 8) . After the completion of first cycle (Table 2 , entry 7), the catalyst was separated from the reaction mixture by simple filtration and washed with methanol. The solid Pd(II) complex 3 was dried at 80°C and reused in the next run under identical reaction conditions. The Pd(II) complex 3 was consecutively used for seven times and found outstanding catalytic performance with no significant reduction in catalytic activity. A little loss of catalytic activity was observed due to loss of Pd (II) complex 3 during the filtration process.
The heterogeneity of a catalyst during the reaction progress is another issue. Thus we further performed hot filtration experiment to check whether the reaction proceeded through the heterogeneous or homogeneous catalytic conditions (Fig. 9) . We considered Heck reaction of 4-iodotoluene with butyl acrylate under the optimized reaction conditions. After one hour of reaction progress it was filtrated at hot condition and the filtrate was then heated under the same reaction conditions. However, it was observed that no reaction was further preceded at all. The ICP-AES analysis of the filtrate revealed that palladium species were not leached out into the aqueous solution. Thus, it is clear to demand that the coupling reaction was forwarded under heterogeneous conditions.
Conclusions
In summary, we have synthesized a recyclable heterogeneous poly(hydroxamic acid) Pd(II) complex using waste corn-cob cellulose as a solid support for precious palladium complex. The cellulose supported poly(hydroxamic acid) Pd(II) complex was well stabilized and showed highly catalytic activity toward MizorokiHeck reactions. The Pd(II) complex efficiently promoted this cross-coupling reaction of activated and inactivated aryl/heteroaryl halides and aryldiazonium tetrafluoroborate salts with a variety of olefins. Moreover, the complex was also utilized for the synthesis of antiasthmatic agent Ozagrel. The supported Pd(II) complex was easily recycled and showed magnificent reusability for several successive cycles with no remarkable degradation of its catalytic activity.
